Introduction
The investigation o f local anesthetic effects has long been extended to problems beyond the ques tion of how anesthesia may block the excitation of nerve membranes. Local anesthetics, e.g . dibu caine and tetracaine, were shown to alter the lipid com position o f plant membranes [1] and to be ef fective inhibitors o f photosynthesis [2, 3] . A special focus o f investigation was the inhibition by local anesthetics o f energy transduction at ATP synthe sizing membranes in m itochondria [4, 5] and chlo roplasts [6, 7] , In chloroplasts, dibucaine inhibited the light-induced transthylakoid pH gradient, ApH, and photophosphorylation [6] . However, this inhibition was unlike that exerted by 'classical' uncouplers, since the pH-dependent photosynthetic control of electron transport at the cytochromeb/f-complex [8] and at PS II [9] persisted in the presence of dibucaine despite a decreased ApH [10] . Further effects o f dibucaine on prim ary reac tions of photosynthesis are summarized in [7] ,
In the present study, we characterize the asso ciation of the lipophilic tertiary amine dibucaine with chloroplast membranes. Dibucaine was re garded as a model com pound for local anesthetics and was chosen for binding studies since the protonated (monocation) form exhibited strong flu orescence at room tem perature which may be used for a determ ination of dibucaine concentration [11] , Amine binding to chloroplast membranes was intensively studied with 'classical' amine-type un couplers, e .g . am m onia or methylamine [12, 13] and with fluorescent probes of light-induced thyla koid energization, e.g . acridines [14, 15] , the latter being uncouplers themselves. Several o f these stud ies evinced an involvement of m em brane-bound protons in energy transduction at the thylakoid membrane [14, 16, 17] . As suggested previously, the existence of localized proton dom ains at the thylakoid membrane may also be indicated by the effects of local anesthetics on thylakoid energiza tion [7] , With this paper we tried to characterize different types of association of dibucaine with chloroplast membranes and to relate these to the effects of di bucaine on transm em brane ApH and ATP syn thesis. Some characteristics of 'classical' aminetype uncoupling by am monia were set against those of'selective' uncoupling by dibucaine.
M aterials and Methods

Preparation o f chloroplasts
Intact chloroplasts were isolated from six-weekold leaves of glass-house grown Spinacia oleracea L. cv. M onatol. The isolation procedure was de scribed by [7] , Chloroplasts were stored at 0 C in the dark until use. The integrity of chloroplast envelopes was 85 to 95%. The chloroplasts were osmotically shocked immediately before use.
Binding o f dibucaine
In order to simplify terminology, any type of amine association with chloroplast membranes was termed binding. The concentration of dibu caine in binding assays was measured fluorometrically with excitation and emission wavelengths of 325 and 403 nm, respectively, with a halfband width of 2 or 10 nm, using a spectrofluorometer (F-2000, Hitachi). The pH of fluorescence assays was always adjusted to 8. Dibucaine was dissolved in m ethanol, the final solvent concentration in binding assays was < 1%. The standard reaction medium contained 20 m M Hepes/KOH, pH 8, 20 m M KCl, 1 m M MgCl2, 0.3 m sorbitol, and 200 U catalase (EC 1.11.1.6.). Unless stated other wise, PS I electron flow was allowed by additions of 50 fiM dichlorophenolindophenol, 2 m M Na-ascorbate and 5 |iM methylviologen. When the pH dependency of amine binding was studied, the chloroplast medium was composed as described for photophosphorylation experiments. When the salt concentration in the reaction medium was var ied, isosmolarity of the medium was maintained by addition of sorbitol. Effects of salt concentration on dibucaine fluorescence were corrected. Meas urements of dibucaine fluorescence were either carried out in the presence of chloroplasts or after chloroplast sedimentation by centrifugation.
Method a): Fluorescence after sedimentation of chloroplasts. A suspension of chloroplasts in a translucent reaction vial was supplied with dibu caine in the dark and placed into a centrifuge (Minifuge E, Beckman) with a translucent cover. The samples were either illuminated with white light of 2500 |i E m "2-s_1, PAR, or kept in the dark for 90 s. Chloroplasts were then sedimented at 13,000 x g for 20 s. The fluorescence in the supernatant was measured. For a calculation of binding data, the fluorescence intensity was cali brated against amine concentration. The am ount of amine bound was calculated from amine found in the supernatant and total amine added.
Method b): Fluorescence in the presence of chloroplasts: A chloroplast suspension equivalent to 25 |ig Chi • ml 1 was supplied with dibucaine in a stirred fluorescence cuvette. The time course of fluorescence emission was followed during a dark/ light (2000 |iE -m 2-s ', PAR) cycle.
Determination o f thylakoid osmotic space
The 
Displacement o f divalent cations
In a reaction medium containing 10 m M Hepes/ KOH, pH 8, 5 m M KC1, <0.1 m M M gCl2 and 75 m M sorbitol, chloroplasts were incubated for 30 s in the dark. Then the sorbitol concentration was raised to 0.3 m without changes of buffer and KC1. After 2 min in the dark or light, in the ab sence or presence of dibucaine, the samples were centrifuged for 20 s at 13,000 * g. The concentra tion of divalent cations in the supernatant was de termined by addition of 50 |im Eriochrom e Blue SE and 1 ml Tris/HCl, pH 9, to 0.4 ml o f chloro phyll free supernatant and subsequent measure ment of the Eriochrome Blue SE/cation fluores-cence with excitation and emission wavelengths of 515 and 594 nm, respectively, at a half-band width of 10 nm. Eriochrome Blue SE w ithout bound divalent cations was not fluorescing at pH 9.
Photophosphorylation
ATP formation in the light was determined enzy matically, using hexokinase (EC 2.7.1.1.) and glucose-6-phosphate dehydrogenase (EC 1. 
Results
Comparison o f methods fo r binding assay
Binding of dibucaine to osmotically shocked chloroplasts was assayed by fluorometric determi nation of dibucaine concentrations after light or dark treatm ent and following sedimentation of the membranes (method a). For verification that nei ther dibucaine desorption from membranes during centrifugation nor dibucaine sorption to surfaces of reaction vials influenced the binding data ob tained, an alternative approach was carried out. Fig. 1 , the quotients A J A { de termined by both methods are shown for dibu caine concentrations up to 100 jim. The data fitted well to a straightline with a slope of one, suggest ing that both methods reveal equivalent data. F ur therm ore, the data may indicate that dibucaine bound to chloroplast membranes is non-fluorescent. In the following, dibucaine binding was de termined by method a).
Dibucaine binding in light and dark
The equilibration of dibucaine binding in the light or dark was generally completed after at most 60 s (data not shown). Therefore, a minimum incu bation time of shocked chloroplasts with amine of 90 s was chosen. In In the light, dibucaine binding exceeded the dark level. Light-dependent binding, estimated by subtraction of A b values in light and dark, was sa turated at about 20 (im of free dibucaine (Fig. 2) . The slopes of the linear branches of binding curves in light and dark coincided, suggesting that the u n derlying processes are not influenced by light. A partitioning of lipophilic dibucaine molecules [18] between membrane lipids and aqueous medium was assumed. Previously bound dibucaine re-emerged in the medium when chloroplast mem branes were resuspended in the absence of free di bucaine (not shown). Hence, dibucaine binding was largely reversible.
Effects o f m etal cations on dibucaine binding
When dibucaine was added to osmotically shocked chloroplasts in the dark in the presence of either high or low concentrations o f salts, binding in high salt was lower than that in low salt media (Fig. 3) . U nder high-salt condition the curvilinear shape of the binding curve disappeared. The slopes of the linear branches of the curves, however, were unaffected. This indicates two binding classes in the dark: first, binding which is apparently satu rated at free dibucaine concentrations of about 30 |4.m and may interact with salts and second, binding which predominates at A {> 30 |i m and is unaffected by salts. When the data obtained by subtraction of the curves in Fig. 3 , were redrawn in a double-reciprocal plot, a straightline could be fit ted to the data, suggesting a hyperbolic relation ship between A b and A f values of salt dependent binding (not shown). A pparent values for the 'con centration' of salt-sensitive binding sites and the dissociation constant of amine/membrane com plexes were obtained with 280 nmol m g-1 Chi and 37 |iM, respectively.
The type of cations added was decisive for the strength of salt effects. Divalent were more effec tive in dibucaine displacement from chloroplasts than m onovalent cations and the more tightly binding Ca2+ [19] was more effective than Mg2+ (Fig. 4) . The anion used was always CL. In Fig. 5 we show that, in reverse to the dis placement of amine pictured in Fig. 4 , dibucaine may displace divalent cations associated with chlo roplast membranes. The concentration of divalent cations was monitored by fluorescence emission of Eriochrome-Blue SE. Eriochrome Blue SE exhibit ed a 20-fold higher affinity for Mg:+ than for Ca2+. Since the concentration of M g2+ in chloroplasts in addition is higher than that of C a2+, it appears that the data in Fig. 5 largely represent a displacement o f M g2+. W hen 200 |!M dibucaine was added to in tact chloroplasts, only little Mg2+ (< 2 0 nmol m g"1 Chi) appeared in the suspension medium, al though dibucaine easily penetrates the chloroplast envelope [10] . This indicates that the amine did not cause a leakiness for Mg2+ o f the chloroplast enve lope. A treatm ent o f chloroplasts in a slightly hy potonic medium, in the absence of dibucaine, in duced a release o f about 30 nmol Mg2+ per mg Chi. When dibucaine was added to chloroplasts treated in this way, a Mg2+ efflux occurred which increased together with dibucaine concentration and was similar in dark and light (Fig. 5) .
On the nature o f light-dependent binding
U pon illumination of chloroplasts the binding o f dibucaine was enhanced (Fig. 2) . After a lightdark transition, light-induced binding disap peared. Also an addition of nigericin to chloro plasts in the light inhibited light-dependent bind ing (not shown). This suggested that light-induced binding may be related to proton accumulation in the thylakoid lumen. Having in view the effect of "classical' amine-type uncouplers, e.g. methylamine or am m onia [12, 13] , an accumulation of protonated dibucaine in the thylakoid lumen in the light may be assumed. However, a ApH induced accum ulation o f dibucaine is challenged by the data shown in Table I . While an increase o f the Table I sorbitol concentration from zero to 0.5 M reduced the intrathylakoid volume, Vx, by a factor of four, the am ount of dibucaine bound by a light-induced mechanism only decreased by 20% (Table I) . With increasing medium pH the strength o f the light-induced ApH increases ( [12] ; see also Fig. 7) . Assuming a ApH dependent accumulation of di bucaine to underly light-induced binding, the lat ter should increase with medium pH as well. When light-induced dibucaine binding was studied in de pendence o f medium pH, no variation was found over the range of pH considered (Fig. 6) . Binding of amine in the dark, however, increased with the external pH. Since the latter is assumed to be largely produced by partitioning, an increase of the concentration of unprotonated (uncharged) amine species in the medium with rising pH may be responsible for increased dark binding.
Evidence against a dibucaine induced proton shuttle across the thylakoid membrane also ap pears from a comparison of the inhibitory effect of amm onia and dibucaine on ApH in dependence on medium pH (Fig. 7) . While the inhibitory effect on ApH of ammonia, a classical amine-type uncou pler, increased with external pH as expected, the effect of dibucaine on ApH was constant over the range o f pH considered. The pKa of am m onium of 9.3 is com parable to pKa=r 9.0 o f dibucaine [20] , Hence, the different effects of medium pH on am monium and dibucaine may not be explained by different degrees o f protonation at the pH values tested.
Photophosphorylation by thylakoid membranes increases with external pH (Fig. 8) . This is largely due to a rising ApH (Fig. 7, [12] ) and enhanced ca talytic activity of the coupling factor [21] . In the presence of rather low dibucaine concentration, e.g. 15 to 25 (J.M, almost no inhibition occurred at low external pH (Fig. 8) , although considerable dibucaine binding occurred under this condition (Fig. 6) . At higher dibucaine concentration, the degree o f inhibition of ATP synthesis increased with medium pH.
Discussion
Characterization o f amine binding classes
In the experiments shown, we dem onstrated the existence of three major binding classes of dibu caine (Fig. 2, 3) . Besides a partitioning of amine between the aqueous medium and the lipid phase o f the membranes, a salt-dependent and a lightdependent binding class were indicated.
There were several lines of evidence that the li near parts of the binding curves in Fig. 2, 3 reflect a partitioning of amine. First, no indication of binding saturation appeared between A f = 30 and 300 fj-M-The total am ount of amine bound per mg Chi could be raised beyond 1000 nmol m g"1 Chi, indicating a 1:1 stochiometry of bound amine and Chi. This value greatly outnumbers the am ount of potential specific binding sites, such as com po nents of electron transport chains, ATPase com plexes [22] , or membrane surface charges [23] . Sec ond, estimating the volume of the lipid phase of thylakoid membranes with 3 |il m g_1 Chi [24] , a partition coefficient,/), of about 1000 was calculat ed from the slope of the linear phase of binding in Fig. 2 and the ratio of external (medium) volume and volume of the lipid phase. This is in the same order of magnitude as the octanol water partition coefficient of dibucaine, determined previously to be 2500 at pH 8 [20] . Third, the type of binding considered was influenced neither by illumination, nor by additions of salts and increased with medi um pH, i.e. with the concentration of uncharged dibucaine (Fig. 6) .
The salt-dependent binding of dibucaine in the dark showed saturation characteristics, indicating a limited concentration of binding sites. Salt-dependent binding is apparently due to an electro static screening of negative surface charges by the m onovalent cationic (protonated) amine, since di valent cations proved to be more effective in dis placement of dibucaine than m onovalent cations (Fig. 4) . The 'concentration' of binding sites is comparable to the 'concentration' of negative sur face charges which is about 210 nmol m g"1 Chi. The latter was calculated from the estimated thyla koid surface of 1.67 m 2-m g-1 Chi [23] and a thyla koid surface charge density of -1 2 mC • m 2 at pH 8 [25] . A screening of negative surface charges may also occur after a polarization of net uncharged dibucaine molecules [26, 27] .
Upon illum ination o f broken chloroplasts, di bucaine binding increased (Fig. 2, 6 ). Light-de pendent binding was saturated already at A f of about 20 |i m (Fig. 2) . Interpreting light-induced binding as a Langm uir isotherm, the 'concentra tion' of binding sites of this binding class was esti mated at 150 nmol m g"1 Chi. Hereby, light-induced dibucaine binding is distinct from binding of other amines, e.g. methylamine or 9-AA. Fol lowing ref. [28] , 9-AA binding is dom inated by an accum ulation of 9-AA in the thylakoid lumen after acidification o f this com partment. Thus, over a wide range of amine concentration the ratio of bound over free 9-AA concentrations should be equal to that of proton concentration inside and outside the thylakoid vesicles. This was in fact ob served with 9-AA [29] and methylamine [12] , but not with dibucaine (Fig. 2) .
Inhibition o f thylakoid energization by dibucaine
Searching for the mechanism of 'selective' un coupling, i.e. the mechanism by which dibucaine inhibits the energization of thylakoid membranes and ATP synthesis, a 'classical' amine-type mecha nism might be assumed: in this case protonated amine would accumulate in the thylakoid lumen upon acidification of the com partm ent and pro mote a proton shuttle over the membranes when a threshold, determined by membrane permeability and transm em brane concentration difference of protonated amine, is exceeded.
However, such a mechanism is obviously not operative in the presence of dibucaine. A drastic increase o f Vx did hardly affect light-dependent di bucaine binding (Table I) . A variation of the medi um pH was w ithout effect on light-dependent di bucaine binding although ApH drastically in creased with medium pH (Fig. 6, 7 ; [12] ). The inhibitory effects of dibucaine on ApH, in contrast to the effects of am m onium, did not increase with medium pH, although the ratio of proton concen trations inside and outside of the thylakoid mem brane increased by a factor of about 40 in controls without amine added (Fig. 7) . Evidence against a proton shuttle across the thylakoid mem brane by dibucaine also comes from the observation of spontaneous deprotonation of m onovalent cat ionic, protonated dibucaine upon contact o f the amine with a hydrophobic environment [26, 27] .
A comparison of the pH dependences of binding (Fig. 6 ) and inhibition of ATP synthesis (Fig. 8) revealed that inhibition of photophosphorylation increased with external pH in line with dibucaine binding via partitioning. Yet, it cannot be excluded that partitioning is not a homogenous class, i.e., that more specific binding sites may be hidden in the bulk phase of amine partitioning.
Inhibition o f thylakoid energization
By excluding a 'classical' amine-type mechanism for the effects of dibucaine on ApH, the question for the mechanism of 'selective1 uncoupling re turns to the focus of interest. Previously we pre sented evidence that energy transfer inhibition on the level of the ATP synthase complex and elec tron transport inhibition are not the reasons for the decline of photophosphorylation under influ ence of local anesthetics [7] , In that study and in Fig. 5 , however, we showed a strong interference of dibucaine with cation binding to thylakoid sur faces. Therefore, a mechanism for inhibition of ApH may be assumed which is based on the inter action of dibucaine and the strong ion concentra tion difference across thylakoid membranes [30, 31] -
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